Introduction
Tissue kallikrein (TK), the major kinin-forming enzyme in mammals, is synthesized in several organs including arteries and kidneys. TK is involved in the function of both capacitance and resistance arteries, and in vasomotor and trophic adaptation to flow (3, 6, 7, 9, 29, 33, 34) . In the kidney, TK is also present in the distal tubule. Long-standing and more recent evidence suggest that TK is involved in the control of electrolyte transport mechanisms in the tubule, and in sodium and calcium homeostasis, via both kinin-and non kinin-mediated mechanisms (9, 33, 34) .
Several arguments have suggested that TK is involved in the control of blood pressure (BP), and that a TK defect may be implicated in the onset of hypertension. For instance, urinary TK activity is inversely correlated with BP in man (27) and in strains of hypertensive rats (1, 26) .
It has been suggested that genetically high urinary kallikrein excretion may protect against essential hypertension in man (8) . It has also been suggested that reduced expression of the TK gene (klk1) may contribute to salt-sensitive hypertension in Dahl rats (21). However, mice with a disrupted TK gene display normal BP (29), suggesting that TK does not play an important role in regulating BP under normal conditions. This finding does not exclude the possibility that TK may influence the development of secondary forms of hypertension. In rats with 2-kidney,1-clip renovascular hypertension, renal TK gene expression has been reported to be unaltered during the onset of hypertension, and then to decrease during the chronic phase of established hypertension, with a reduction in both urinary and vascular TK activity (15, 31) . TK synthesis and secretion are reduced in the clipped kidney, but remain unaltered in the contralateral kidney (19) . Whereas hypertension induced by clipping a renal artery is clearly renin-and angiotensin-dependent, observations referred to above, suggest that TK activity may protect against kidney dysfunction and excessive elevation of BP. In this context, we tested this hypothesis in TK deficient mice in which the gene encoding for TK had been disrupted (29, 42) . These mice exhibit extremely low levels of kinins in the kidney (29).
Materials and Methods
Mice. TK+/+ and TK-/-mice were generated in our laboratory as previously described (29, 42) . The mouse mutants had been back-crossed in a C57BL/6 genetic background (Charles River, L'Arbresle, France) for over ten generations before obtaining the wild type TK+/+ and homozygous mutant TK-/-littermates used in our experiments by heterozygous crossing. Mice were housed in an air-conditioned room with a 12:12-hour light (8h-20h)-dark (20h-8h) cycle, and received standard mouse chow (AO4; Scientific Animal Food and Engineering, Augy, France) and tap water ad libitum. All the experimental procedures were performed in accordance with the European regulations for the care and use of laboratory animals (L 358-86/609/EEC).
Two-kidney, one-clip hypertension (2K1C).
Adult male mice were anesthetized by isoflurane inhalation (3% in an oxygen stream). The left kidney was exposed through a small flank incision and externalized. The left renal artery was isolated from the renal vein and connective tissue. A U-shaped silver clip (3 x 2 x 1 mm with a 2-mm-long cleft, and 120µm internal gap, Excidel, SA) was placed near the aorta, around the renal artery for partial occlusion (44). Two groups of mice underwent clipping of the left renal artery: 2K1C-TK+/+ (n=31) and 2K1C-TK-/-(n=32). Control mice underwent a sham procedure (n=44, TK+/+: n=32 and TK-/-: n=12). Sham procedures were performed as described above (incision, isolation of the renal artery), except for the clipping of the left renal artery. In addition, 10 TK+/+ and 10 TK-/-mice underwent left renal artery clipping and were used for telemetric measurement of BP before and up to 24 days after surgery.
Blood pressure. Blood pressure was followed by two different methods. Firstly, systolic blood pressure (SBP) was measured by tail-cuff plethysmography in trained conscious mice (11, 29) using a BP2000 (Visitech, Bioseb, France) Measurement was performed four weeks after clipping in the animals used for non invasive and invasive hemodynamic determinations anesthetized with pentobarbital (60 mg/kg, i.p.). Catheters were placed in the left femoral artery, and in the left ventricle (LV) via the right carotid artery. The maximum and minimum rates of rise of LV pressure (dP/dtmax and dP/dtmin) were continuously visualized and recorded on a PC computer using a MP100 system (Biopac systems, Cerom, Paris, France).
Renal (clipped and non-clipped kidneys) and coronary blood flows were determined according to the reference blood sample technique using the fluorescent microsphere method (38) .
Cardiac remodelling. Trans-thoracic two-dimensional echocardiographic measurements were performed under light anesthesia (ketamine, 70 mg/kg and xylazine, 10 mg/kg ip) using a digital ultrasound device (Sequoia 512, Acuson Corp, Mountain View, CA, USA) equipped with a specifically designed 13-15 MHz short-focus linear array probe (15L8) (36, 39) . Two- Renin. Four weeks after clipping, blood samples from the retro-orbital plexus were collected into heparinized Eppendorf tubes from the mice under ketamine-xylazine anesthesia after the echocardiographic measurements. The plasma renin concentration (PRC) was determined by radioimmunoassay of angiotensin I generated after incubating the plasma for 1 hour at pH 8.5 in the presence of an excess of rat angiotensinogen (28) . Renal renin immunostaining was performed in Sham (TK+/+, n=14 and TK-/-n=9), 2K1C-TK+/+ (n=15) and 2K1C-TK-/-(n=17) mice as previously described (35) . Sections (5µm) from formalinfixed paraffin-embedded kidneys were deparaffinized, incubated in 1% hydrogen peroxide, and blocked with 3% normal goat serum in PBS pH7.6. The primary antibody (18) (polyclonal rabbit antiserum) detects mouse salivary gland and renal renin, and detection was 
Results
Under basal conditions, before clipping, there was no difference between TK+/+ and TK-/-mice for any of the parameters evaluated, including renal and cardiac morphology and function, BP, HR, PRC, with the exception of the urinary kallikrein activity which was not detectable in TK-/-mice. Consequently, the Sham mice of both genotypes were pooled into a single Sham group.
Renal characteristics of 2K1C mice. In 2K1C-TK+/+ mice, four weeks after clipping, a major decrease in the left renal blood flow was observed (-90%, when expressed in ml/min:
vs Sham, p<0.001, Figure 1A ; -68%, when expressed per gram of tissue: vs Sham, p<0.001), whereas the right renal blood flow was increased (+19%, when expressed in ml/min: vs Sham, p<0.001, Figure 1A ; -8%, when expressed per gram of tissue: vs Sham, NS). The sum of ipsilateral and contralateral renal blood flow (both kidneys) was not significantly different from that of the Sham animals (6.75±0.66 ml/min/g vs Sham 8.02±0.60, NS). The left-clipped kidney became atrophic (-65% vs Sham, p<0.001, Figure 1B and 1C), whereas the contralateral unclipped kidney developed hypertrophy (+32% vs Sham, p<0.001). Urinary Na+/K+ was unchanged (Table 1) .
In 2K1C-TK-/-mice, clipping the left renal artery also led to marked fall in left renal blood flow (-93%, when expressed in ml/min:, Figure 1A ; -61%, when expressed per gram of tissue: vs Sham, p<0.001) whereas the right renal blood flow increased (+17%, when expressed in ml/min: vs Sham, p<0.001, Figure 1A ; -2%, when expressed per gram of tissue:
vs Sham, NS). Total, right plus left, renal blood flow remained unchanged compared to Sham Table 1 ).
Histological analysis revealed no change in the contralateral kidney, whereas the clipped kidney displayed chronic ischemia in both genotypes (data not shown). The ratios of right kidney weight to left kidney weight did not significantly differ among the two clipped groups or among the two sham groups (data not shown). Figure 2) . In TK-deficient mice, PRC had also increased to the same extent as in the 2K1C-TK+/+ mice (+65%, p<0.05 vs Sham and NS vs 2K1C-TK+/+, Figure   2 ).
In both 2K1C-TK+/+ and 2K1C-TK-/-groups, immunoreactive renin increased in the left kidney (+58% and +65% respectively, p<0.05 vs Sham, Figure 3) , and decreased in the contralateral kidney (-42% and -40% respectively, p<0.05 vs Sham, Figure 3 ). There was no significant difference between the genotypes with regard to the renin content in the kidneys. In 2K1C-TK+/+ mice, hypertension developed immediately after clipping. SBP increased significantly the first day after clipping (+ 24% vs the day before clipping, p<0.05) ( Figure 5 ).
In 2K1C-TK-/-mice, hypertension also occurred soon after clipping (+ 20% one day after clipping vs the day before clipping, p<0.05) ( Figure 5 ), but did not significantly differ from that observed in 2K1C-TK+/+ mice. During the first week after clipping SBP of both 2K1C-TK+/+ and 2K1C-TK-/-mice was significantly higher than the corresponding basal value measured in each group before clipping. Thereafter, SBP remained elevated in all clipped mice but tended to decrease over time. There was no significant difference between genotypes. HR was not affected by clipping and there was no difference between genotypes ( Figure 5 ). Telemetric measurements were also performed in 2 Sham operated mice. There was no difference in SBP, HR and locomotor activity before and after surgery (data not shown).
SBP was also evaluated by plethysmography in another dedicated experiment with three groups of mice ( Figure 6 ). The results document a lack of effect on blood pressure of sham procedure, a significant rise in SBP in clipped mice with no effect of genotype.
Cardiac remodelling in 2K1C mice. In both genotypes, a similar increase in septal wall thickness (roughly +20% vs Sham, p<0.001) and posterior wall thickness (roughly +14% vs Sham, p<0.001) developed, whereas end-diastolic diameter was not altered (Figure 7 ). The LV mass to body weight ratio obtained from echocardiographic measurements was also higher in both 2K1C groups than in the Sham animals. These results were confirmed by measuring gravimetrically the LV weight to body weight ratio at sacrifice in the same animals Cardiac function in 2K1C mice. Coronary blood flow expressed per g of tissue, tended to be lower than in Sham mice in the 2K1C-TK+/+ and 2K1C-TK-/-groups, but the three experimental groups did not differ statistically (Table 2) . Left ventricular functional parameters evaluated four weeks after clipping non-invasively by echocardiography (FS) or invasively by dP/dtmax and dP/dtmin determination, showed no difference from Sham animals ( Table 2 ). There was no significant difference between the genotypes.
Discussion
In this study, we observed that clipping a renal artery in mice led to activation of the renin- glomerulosclerosis, which usually occurs in the unclipped kidney of rats exposed to high BP (16), was not observed in mice, probably as a consequence of the lower BP level induced in mice, and/or the known resistance of C57BL/6 mice to the development of glomerulosclerosis (30) . Some studies of the kinetics of renovascular hypertension development in mice have shown that hypertension occurred very early after clipping, as in our study, and then the BP stabilized (14, 16, 44) or even decreased (17) . In other studies, a sustained increase in BP over several weeks was observed (10, 11, 25). Different degrees of reduction in renal blood flow and activation of the RAS, and/or the use of different methods to measure BP could account for the minor discrepancies between these studies. In the present study, we evaluated BP by two different methods. Both documented the lack of effect of TK gene inactivation.
2K1C renovascular hypertension is typically a model of renin-dependent hypertension, but, it has been suggested that the KKS may have an antihypertensive effect in this model. The study was based on the hypothesis that before renal atrophy occurs, kallikreins and kinins, present in the ipsilateral kidney may have influenced renal hemodynamics, and protected against renal ischemic damage in the early phase of renovascular disease, thus resulting in delayed hypertension. This is the reason why we followed BP on the first days after clipping;
Also, in the contralateral kidney that undergoes compensatory hypertrophy kallikrein synthesis remains unaltered (19) and could have influenced renal function and blood pressure.
Finally kallikrein is present in capacitance and resistance arteries and is involved in the control of vascular tone (7, 29) . The development of renovascular hypertension has been reported to be accelerated in B2-deficient (B2-/-) mice (25), and hypertension to be In our study, hypertension developed with similar kinetics and magnitude in TK +/+ and TK/-mice after clipping. We especially focused on the early period after clipping, where renin secretion is activated and trophicity of the kidney is not yet altered, especially in the distal tubule where kallikrein is synthetized. Kallikrein deficiency did not potentiate the hypertensive effect of renin secretion. Cardiac hypertrophy was the same in both genotype groups, confirming that cardiac afterload has been similar during the follow-up period. Some studies have suggested that kinins have a direct inhibitory action on LV hypertrophy, the development of which was not related to their hemodynamic effects (12, 13, 43, 45).
However, no exacerbation of cardiac hypertrophy was reported in 2K1C mice lacking the B1 or the B2 receptor (11, 14, 25). As in these studies, we found that the LV hypertrophy which developed after clipping was not influenced by the absence of TK and kinins. It is interesting to note that the pathogenesis of hypertensive remodelling seems to be different from postischemic heart remodelling, as far as TK and kinin involvement is concerned. TK deficiency indeed exaggerates cardiac remodelling and decreases survival post myocardial infarction (36, 37) . The difference is however not surprising as the development of cardiac remodelling is strongly influenced by underlying myocardial disease and peripheral hemodynamic status, which are very different among the two models. Renal renin synthesis and secretion are causally linked to hypertension in 2K1C mice. These parameters were not altered in TK-/-mice. The reduction in renal blood flow in the clipped kidney was very similar in wild-type and TK-deficient mice. These observations do not support the hypothesis that TK or kinins have a role in renal renin secretion and activation (5, 40, 41) , at least under conditions of strong hemodynamic stimulation. Finally, the observation that ipsilateral and contralateral kidney morphology was not influenced by TK deficiency suggests that TK and kinins play no role in bilateral renal remodelling secondary to chronic unilateral ischemia.
Perspectives and Significance
The study shows that TK deficiency does not play any detectable role in 2K1C renovascular 
